Environmental sensing in bacteria often involves the concerted action of sensor kinases and response regulators. Degenerate oligonucleotide primers were designed on the basis of amino acid similarity in the response regulators of these two-component sytems. The primers were used in PCR to specifically amplify an internal DNA segment corresponding to the receiver module domain from genes encoding response regulators. Amplification products of the expected size were obtained from 12 different Gram-positive and Gramnegative bacteria. Sequence analysis revealed that 22 DNA fragments, which clearly originated from response regulator genes, were amplified from Escherichia coli, Agrobacterium tumefaciens, Bacillus subtilis and Lactobacillus bulgaricus. In each of these four species the receiver module of putative response regulator genes, which do not seem to be related to any of the already characterized genes, was identified. This simple and powerful method is therefore particularly useful for discovering new signal transduction systems which cannot be revealed by usual genetic studies.
INTRODUCTION
It is well known that bacteria are able to sense and to respond to a variety of environmental stimuli (for reviews see Parkinson, 1993 ; Hoch & Silhavy, 1995) . The transduction of the signals to the target proteins that effect the appropriate response to these stimuli often involves two-component regulatory proteins, i.e. sensor kinases and response regulators (for reviews see Stock et al., 1989a Stock et al., , 1990 Parkinson & Kofoid, 1992) . The sensor kinases, which are often anchored to the cytoplasmic membrane, monitor some environmental parameters, whereas the cytoplasmic response regulators mediate an adaptive response which is usually a change in gene expression or in cell behaviour. Communication between the sensors and their associate response regulators involves phosphorylation and dephosphorylation reactions. The frame of the mechanism of sensor\ regulator systems therefore appears to be simple. However, sophisticated devices ensuring that the output responses are smoothly graded with stimulus intensity have been discovered (for review see Hoch & Silhavy, 1995) .
Sensor and response regulator proteins contain characteristic domains, termed transmitters and receivers, respectively. They are combined with input and output domains and can be arranged in different configurations to build signalling circuits (for reviews see Stock et al., 1989a ; Parkinson & Kofoid, 1992 ; Parkinson, 1993 ; Alex & Simon, 1994) . In the simplest circuit, the sensors contain a C-terminal transmitter module preceded by an N-terminal signal-input domain ; response regulators contain an N-terminal receiver module followed by a Cterminal signal-output domain. The transmitter modules are about 240 aa in length, with several short stretches of amino acids common to all members of the sensor kinase family. In particular, an invariant autophosphorylated histidine is often located near the N terminus of the modules (Parkinson, 1993 ; Stock et al., 1995) . The receiver modules are roughly 120 aa in length. They also share characteristic sequence features, among them an invariant aspartate residue located near the centre (Pao & Saier, 1995 ; Volz, 1995) . Phosphorylation of this particular aspartate residue by the phospho-histidine of its cognate sensor kinase leads to conformational changes of the receiver module which presumably go with the modification of the associated output domain activity (i.e. transcriptional activation) and results in the appropriate cellular response (Falke et al., 1995) . Hybrid or unorthodox sensors have also been described (Parkinson & Kofoid, 1992) . In these cases, input and transmitter domains and the receiver module are associated in the same protein.
To date, members of the sensor\regulator families have been described in more than 50 different bacterial species. Some have also been discovered in several eukaryotic organisms, including Neurospora crassa, Saccharomyces cerevisiae, Arabidopsis thaliana and Dictyostelium discoideum (for reviews see Alex & Simon, 1994 ; Chang & Meyerowitz, 1994 ; Appleby et al., 1996) and we infer that such systems are probably ubiquitous in most living organisms. However, none has been found in the methanogenic archaeon Methanococcus jannaschii (Bult et al., 1996) . Interestingly, the number of bacterial two-component systems appears to vary greatly from one bacterial species to another. For example, in Haemophilus influenzae Rd, only five examples of these systems have been identified upon sequencing of its entire genome (Fleischmann et al., 1995) , whereas in Escherichia coli, more than 20 different adaptive response systems have been identified so far (Nagasawa et al., 1993) . The evolutionary development of this extensive set of related proteins may have occurred through horizontal transmission (Parkinson & Kofoid, 1992) . The hypothesis that all response regulator domains share a common structure is well substantiated (Volz, 1993 (Volz, , 1995 Pao & Saier, 1995) .
In this work, multiple sequence alignments of over 100 receiver modules of known bacterial response regulators allowed us to define degenerate oligonucleotide primers corresponding to two stretches of highly conserved amino acid residues. Using PCR, we developed a simple and powerful method for isolating genes encoding response regulators in bacteria. Specific amplification products were obtained in 12 distinct species of either Gram-positive or Gram-negative bacteria. Previously identified response regulator genes as well as new ones were cloned. One previously unknown response regulator gene was isolated from E. coli, seven from Agrobacterium tumefaciens, three from Bacillus subtilis and four from Lactobacillus bulgaricus. This illustrates the usefulness of this approach in isolating new response regulator genes involved in yet unknown environmental adaptive responses. Standard DNA procedures. Restriction enzymes, ligase and polymerase were purchased from commercial sources and were used according to the suppliers' recommendations. Chromosomal DNA from various bacterial species was extracted as described by Sambrook et al. (1989) , Duwat et al. (1992) and Kado et al. (1972) . Plasmid preparation and analysis, and preparation and transformation of E. coli competent cells were carried out according to standard procedures (Sambrook et al., 1989) .
METHODS

Strains
Oligonucleotide PCR primers. The degenerate ssDNA oligonucleotide primers were selected from two highly conserved amino acid stretches in the receiver modules of already published response regulators, i.e. the DD and K boxes (Parkinson, 1993) . The DD and K boxes of 102 regulatory proteins cited in the literature were aligned by hand. Oligonucleotides were designed to match as many proteins as possible. Thus, even with a 384-fold degeneracy for the DD primer and a 256-fold degeneracy for the K primer, one could theoretically amplify only 25 % (26 out of 102) of the genes encoding these known proteins. Fig. 1 shows the redundancy of amino acids within conserved stretches of the receiver domain and the sequences of the two degenerate primers. The primers were synthesized in an Oligo 1000 DNA Synthesizer (Beckman).
PCR technique. Amplification was performed in a PerkinElmer Cetus 9600 Thermal Cycler. Chromosomal DNA (250 ng) was used as starting material. Standard Taq polymerase (2n5 units), 2 mM each deoxynucleotide triphosphate and 0n3 mM degenerate primers were used. The reaction mixtures were adjusted to a final volume of 100 µl. They were processed through a three-cycle programme consisting of a 30 s denaturation period at 94 mC, a 30 s annealing period at 37 mC and a 30 s elongation period at 72 mC followed by a 30-cycle programme consisting of a 30 s denaturation period at 94 mC, a 30 s annealing period at 55 mC and a 30 s elongation period at 72 mC.
Cloning of amplified DNA segments. PCR products were precipitated with 6n5% (w\v) PEG\1 M NaCl and digested with EcoRI and XbaI. DNA fragments of interest were separated on a 1n5% (w\v) Seakem GTG agarose gel in Tris\acetate buffer, purified and cloned into an EcoRI\XbaI-linearized pBluescript II SKj vector. E. coli TG1 cells were electroporated with the ligation mixtures. Recombinant clones were used to purify plasmid DNAs. DNA sequencing. Plasmid DNA for sequencing was prepared as described by Sorokin et al. (1995) . PCR sequencing was performed using the Applied Biosystems PRISM Direct and Reverse Sequencing Kit on the Perkin-Elmer Cetus 9600 Thermal Cycler or the Applied Biosystems Catalyst Station. Analysis of nucleotide and amino acid sequences, and searches of sequence homology were carried out on computers using the Genetic Computer Group (GCG) package (Devereux et al., 1984) . DNA sequence accession numbers. GenBank accession numbers used in this study are :
, U82581 (bsu-3) and U82582 (bsu-1).
RESULTS
Design of the primers
The amino acid sequence of 102 receiver modules shows a high degree of conservation of specific residues (for the alignment of 49 receiver modules see Pao & Saier, 1995) . Two particularly well conserved domains, approximately 100 aa apart, were selected as the basis of degenerate primer synthesis (Fig. 1) . The DNA sequence of the coding strand primer, named the DD primer (384-fold degeneracy) was based on a consensus sequence (IVL)V(DE)D(DE) encompassing the DD box of receiver modules (Parkinson, 1993) . The DNA sequence of the complementary strand primer, named the K primer (256-fold degeneracy), corresponded to the consensus sequence GADD(YF) present in the K box of receiver modules (Parkinson, 1993) . Codon preference was not considered in the primer design, as the purpose was to amplify DNA from various bacterial species. To stabilize the primers after the preliminary rounds of amplification (which were done at a low annealing temperature) and to facilitate further cloning, an additional tail of 9 nt containing an endonuclease restriction site was added at their 5h end (Compton, 1990) . Thus, an EcoRI site was added at the 5h end of the DD primer and a XbaI site at that of the K primer. Specific receiver module fragments amplified with these primers should have a size ranging from 276 to 333 bp encoding 92-111 aa, according to the literature (Stock et al., 1989a ; Volz, 1993 Volz, , 1995 Pao & Saier, 1995) .
Specificity of the DD and K primers in E. coli
In a preliminary experiment, we verified that the DD and K primers made it possible to reliably identify the receiver module of response regulators. For this purpose, we used chromosomal DNA from E. coli strain HVC45 as a template, since over 20 response regulator genes have been identified in this model Gram-negative bacterium (Nagasawa et al., 1993) . DNA sequence data corresponding to these receiver modules indicated that the DD and K primers should match at least ten of them (arcA, phoB, creB, kdpE, pcoR, torR, ompR, basR, baeR, cpxR) (Lee et al., 1990 ; Dong et al., 1993 ; Nagasawa et al., 1993 ; Pao & Saier, 1995) . PCR was performed as described in Methods. PCR products were analysed on a 1n5 % agarose gel. As shown in Fig. 2 (lane 1), a unique and intense band of the expected size (about 290 bp) was observed. The DNA fragments were purified, cloned into the unique EcoRI\XbaI sites of the pBluescript II SKj vector and sequenced on both strands.
Analysis of the nucleotide sequence for 35 clones revealed that they corresponded to five different DNA sequences (Fig. 3) . Each of the five sequences of the coding strand contained an uninterrupted ORF (Fig. 3) . Their size (including the primer consensus sequences) ranged from 276 to 288 bp, as expected from the sequence alignments of known receiver modules (Stock et al., 1989a ; Volz, 1993 Volz, , 1995 Pao & Saier, 1995) .
Sequence analysis (using the GenBank database) revealed that fragments of the E. coli ompR, phoB, creB and cpxR genes had been amplified (Wurtzel et al., 1982 ; Dong et al., 1993 ; Makino et al., 1986 ; Amemura et al., 1986) . The four corresponding PCR fragments have a nucleotide sequence identical to that published previously (see Table 1 ). The fifth amplified DNA segment showed high amino acid similarities (over 45 % identity) with receiver modules from E. coli (PcoR) and other Gram-negative bacteria (Pseudomonas syringae CopR Fig. 3 . Comparison of the deduced amino acid sequences of the 22 response regulator internal fragments cloned by PCR from the genomes of E. coli (Eco), A. tumefaciens (Atu), B. subtilis (Bsu) and Lb. bulgaricus (Lbu). Sequences corresponding to the degenerate primers can be inaccurate and are therefore not shown. Sequences were aligned using the GCG PILEUP program. Consensus amino acid residues (Pao & Saier, 1995) are indicated in the bottom line. The fully conserved aspartate is indicated by an asterisk above the multiple alignment. The secondary structure of E. coli CheY is indicated above the multiple alignment, with arrows representing β-strands, cylinders representing α-helices and lines representing loop regions (Stock et al., 1989b) .
and Fremyella diplosiphon RcaC) ( Table 1) . These similarities increased to over 80 % when allowances were made for conservative amino acid substitutions which clearly indicates that this fragment originates from a response regulator gene. However, it was not identical to any of the previously known genes and was designated eco-1. The highest similarity was obtained with the E. coli plasmid pRJ1004 pcoR gene product (54n6 % identity) involved in copper resistance (Lee et al., 1990) . Mutagenesis of this newly identified gene should make it possible to determine its function and the genes under its control. These results show that PCR was successful in isolating various response regulator genes from E. coli.
Extension of the PCR method to other bacterial species
We used the DD and K primers to isolate response regulator genes in various bacterial species. Total DNA from four Gram-negative bacteria (A. tumefaciens, Erw. amylovora, Pan. citrea, X. malvacearum) and seven Gram-positive bacteria (B. subtilis, C. acetobutylicum, Ent. faecalis, Lb. bulgaricus, Lb. sake, L. lactis subsp. lactis and Staph. aureus) was used as template. For each strain, an amplified DNA fragment of the expected size (approximately 290 bp) was generated (Fig. 2, lanes  2-12) . PCR was internally controlled with E. coli total DNA (Fig. 2, lane 1) . For X. malvacearum, the amplified band was particularly weak which may indicate that the DD and K primers were not adapted to this species. For Pan. citrea and Ent. faecalis, faint extra bands were also visible. They probably resulted from a non-specific amplification and were not analysed further. PCR products from A. tumefaciens, B. subtilis and Lb. bulgaricus were purified, cloned and sequenced as described above. Sequence comparison of 30 independent clones from A. tumefaciens, 48 from B. subtilis and 30 from Lb. bulgaricus showed that they corresponded to 20, 15 and 9 different DNA segments, respectively (data not shown). Analysis of their deduced amino acid sequences revealed that eight A. tumefaciens, five B. subtilis and four Lb. bulgaricus segments exhibited striking similarities with the consensus sequence of receiver modules (Fig. 3) . The amino acid sequence of the ORFs was compared with internal sequences of receiver domains from the 102 bacterial response regulators used. The multiple alignment of our 17 sequences (22 including those from E. coli) together with the consensus sequence defined by Pao & Saier (1995) from 49 receiver modules showed that they contain most of the highly conserved residues (Fig. 3) . The leucine (alignment position 12) and the glycine (alignment position 16) residues are present in most of the sequences. Close to the centre, an internal signature of receiver modules is found : an invariant aspartate residue (alignment position 51) which presumably serves as the site of transphosphorylation by the sensor kinase (Parkinson, 1993) . The aspartate residue is almost always preceded by four strongly hydrophobic, aliphatic residues (L, V and I). These five amino acids are expected to constitute the third β strand of the receiver module (Stock et al., 1995) (Fig. 3) . Other invariant residues found in most of the sequences are proline (alignment position 55) and glycine (alignment position 59). Near the end of these domains, a proline residue is found (alignment position 77) followed by four strongly hydrophobic, aliphatic residues (L, V and I) (alignment positions 78-81), presumably constituting part of the receiver module fourth β strand (Stock et al., 1995) (Fig.  3) . The last amino acids of striking conservation are the TA motif (alignment positions 82-83) and the leucine residue (alignment position 94), three residues before the consensus GADD(YF) which served as the complementary strand primer. They also possessed the alternating α-helix and β-strand segments found in all receiver modules (Fig. 3) (Stock et al., 1995) and characterized by X-ray studies of the Salmonella typhimurium (Stock et al., 1989b) and E. coli (Volz & Matsumura, 1991) CheY proteins. These results provided strong evidence that these DNA segments, amplified by the primer set, encode receiver domains of response regulator genes or of unorthodox sensor genes. Moreover, they showed a high level of homology with numerous response regulator receiver modules in the sequence databases (see Table 1 ).
One fragment from A. tumefaciens (designated atu-2) most probably comes from the chvI gene (Charles & Nester, 1993) , although the amino acid sequence was not perfectly identical (89n6 % identity). The chvI gene was originally isolated from A. tumefaciens strain NT-1 which appears to be slightly different from A. tumefaciens strain LBA4301 used in this study. The amino acid sequence of atu-7 closely resembles that of Brucella melitensis phoP (77n3 % identity) (N. Dorrell, GenBank no. X87324). All other A. tumefaciens fragments (atu-1, atu-3, atu-4, atu-5, atu-6 and atu-8) encode new regulators since their level of identity with known sequences is rather low ( 50 %) and their functions remain to be determined. For B. subtilis, fragments from two already sequenced response regulator genes have been amplified. One comes from the phoP gene (Ogawa et al., 1995) while the second comes from a gene whose function has not yet been elucidated (Ogasawara & Yoshikawa, 1992) . The other three fragments corresponded to previously unknown response regulators, and were designated bsu-1 to bsu-3. We found four fragments in Lb. bulgaricus encoding new response regulator receiver modules (lbu-1 to lbu-4).
DISCUSSION
We have developed a PCR-based method which allows a rapid and accurate isolation of internal fragments of genes encoding response regulators from a wide range of bacteria. A single PCR performed with a set of two degenerate oligonucleotide primers complementary to the well conserved DD and K boxes present at each end of the receiver module domain of response regulators (Parkinson, 1993 ) is sufficient to amplify them with a rather high specificity : from 30 to 100 % of the isolated clones correspond to response regulator genes. PCR products of the expected size were obtained from a dozen different species, including genera as distantly related to each other as Agrobacterium, Bacillus and Lactococcus. This was achieved by using degenerate primers based on five consecutive amino acid residues and a low annealing temperature, i.e. 37 mC, during the first cycles of amplification. Various other primer pairs based on only three consecutive amino acid residues were initially tried without convincing results (data not shown). Despite what has been reported elsewhere (Compton, 1990) , it seems that, in this particular case, degenerate primers must be long enough to produce a specific amplification. Unexpected PCR products (12 out of 30 from A. tumefaciens, 12 out of 48 from B. subtilis and 20 out of 30 from Lb. bulgaricus) were also isolated. They reflect the power and the limitations of the method used. Lower primer degeneracy would theoretically reduce the aspecific background but only allow the cloning of a few receiver modules encoding fragments, whereas higher primer degeneracy would allow us to isolate a larger number of fragments but associated with a higher background.
Sequence analysis revealed that ompR, phoB, creB and cpxR gene fragments have been amplified from E. coli total DNA, and that phoP and an uncharacterized ORF, orfX, have been amplified from B. subtilis, as well as the A. tumefaciens NT-1 chvI homologous gene from A. tumefaciens LBA4301. Most probably, the A. tumefaciens phoP gene was identified since the sequence of the isolated fragment showed a very strong identity ( 75 %) with other bacterial phoP genes.
Fourteen receiver modules identified in this study (one from E. coli, three from B. subtilis, four from Lb. bulgaricus and six from A. tumefaciens) clearly come from response regulator genes or might be part of hybrid or unorthodox sensors. However, they did not seem to correspond to any known genes since their level of similarity was rather low ( 50 % identity). Receiver module domains were particularly well conserved even if they underwent selective shuffling during evolution, due to intragenic splicing and fusion (Pao & Saier, 1995) . Therefore, it is not possible to extrapolate functions of the entire proteins from these short sequences. Full-length genes are needed as well as the determination of the gene border sequences that would reveal whether a corresponding sensor kinase is linked to a particular response regulator. Constructing mutants will be necessary to investigate their phenotypes and physiological properties, thus to identify the pathway in which they are involved.
Most members of the sensor\regulator family have been found in a fortuitous manner from nucleotide sequence analyses of certain regulatory genes. To extend the list of sensor\regulator proteins, a complementation strategy was used recently. This strategy is based on the hypothesis that a response regulator is able to acquire a phosphoryl group not only from its cognate sensory kinase but also from heterologous kinases, the process designated crosstalk (Stock et al., 1989a ; Wanner, 1992) . New sensor genes in E. coli (Nagasawa et al., 1992 (Nagasawa et al., , 1993 and in Synechococcus (Aiba et al., 1993) were isolated by complementing the sensor-kinase-defective strains of E. coli (a mutational lesion in envZ or in phoR\creC was used) (Nagasawa et al., 1992 (Nagasawa et al., , 1993 Aiba et al., 1993) . Compared to complementation, PCR with degenerate primers is much more random since receiver modules are highly conserved among bacteria. In our experiments, by using a single set of primers, we succeeded in directly cloning 22 different response regulator genes from a limited number of clones analysed ( 150). It is legitimate to envisage that other regulators could be easily obtained by screening more clones. Recently, the PCR-based approach has been used to clone histidine kinases (Bayles, 1993 ; Lee & Stock, 1996) , σ&%-dependent regulators (Kaufman & Nixon, 1996) or recA genes (Duwat et al., 1992) . Furthermore, an almost identical approach was previously used to isolate response regulator genes from a number of pathogenic bacteria but with less convincing results (Wren et al., 1992) .
The degenerate primers used in this study were designed from the most conserved amino acid residues, essentially from Gram-negative bacteria genes. They allowed amplification of Gram-positive internal receiver domains but the number of different sequences obtained was smaller than from Gram-negative organisms. Such a difference may be a reflection of the number of twocomponent transduction systems that are present in a particular bacterial genome, known to vary from one species to another. However, it is conceivable that the primers may preferentially match DNAs from related bacterial species. It should be possible to adapt the primer design so that further response regulators can be amplified. In particular, a closer look at the 102 receiver modules of known bacterial response regulators showed that the amino acid sequence GADD(YF) in the K box, which was used to design the K primer, is mainly found in Class 2 proteins (OmpR, PhoP, PhoB, CreB, ArcA, BaeR, KdpE, BasR, etc.) according to the Pao & Saier (1995) classification based on phylogenetic relatedness of the proteins receiver and effector domains. As a consequence, the majority of sequences isolated in this study (Table 1) seem to belong to this class of response regulators which function as transcriptional activators of σ(!-dependent promoters. Slight alterations in the K box primer should allow the amplification of the other two major response regulator classes (Class 1 proteins which usually activate transcription of σ&%-dependent promoters and Class 3 proteins which function by an uncharacterized mechanism involving more than one σ factor ; Pao & Saier, 1995) .
In conclusion, this amplification strategy made it possible to identify numerous Gram-positive and Gramnegative response regulator receiver domains. We consider it as the most reliable for extending the list of the sensor\regulator families in bacteria, especially for those which are difficult to find by the usual genetic studies.
